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Six Sigma is a systematically strategic management approach for product 
design and production improvement in preventing scrap, defect and rework. The 
rationale of Six Sigma measurement standard levels are the values of capability 
indices that must conform to C~2 and Cplel.5. Here, the implementation ofDFSS 
methodology at Cooper Standard Automotive guided the project team to clarify all 
the questions that existed between customers and suppliers in designing Toyota 180L 
radiator hoses to achieve a goal of Six Sigma measurement standard levels. It was 
demonstrated that Cooper Standard in Mt. Sterling, Kentucky is prepared and is 
performing at a high level of satisfaction in manufacturing safe, low cost and high 
quality rubber radiator hoses for Toyota Motor Manufacturing Indiana (TMMI). 
It was concluded as a result of this research that: 
I. The result of a Design of Experiment (DOE) trial indicated that the average of 
insertion force of34. l libs was higher than the benchmarking Toyoda Gosie 
22.73lbs. Three out of seven selected factors had significant effect on 
insertion force: Yam Angle, Yam Denier and Yam Package. 
2. The valid construction for producing Toyota 33mm and 37mm radiator hoses 
is completed in this research by utilizing DOE and Response Surface Design 
(RSD) methodologies to ensure the product meets customer's dimensional, 
functional and esthetical requirements. 
3. The result of process capability trials demonstrated the process capability 
indices of manufacturing radiator hoses on Inside Diameter, Wall Thickness 
and Wall Thickness Variation achieved .Six Sigma measurement standard 
levels. 
Overal~ this research found that the Bulge defect issue could be optimized by 
adjusting Pre-form cut length. The Non-Fills defect issue raised but can be solved by 
extending the length on the Caps and having an automation robot to trim off the 
exceed material on the both ends ofradiator hoses. 
Accepted by: __________ __, Chair 
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CHAPTER I 
In trod uctiou 
Design for Six Sigma is an excellent management strategy and methodology 
tool, and most companies have received great benefit by implementing its philosophy 
and have become more successful in the competitive business marketplace such as 
General Electric and Honeywell (Adams, Gupta and Wilson, 2003). Cooper Standard 
Automotive in Mt. Sterling, Kentucky, is a high performance company that produces 
rubber hoses and fluid systems. Currently, they are running trials and prototypes for 
new businesses associated with a high reputation customer, Toyota Motor 
Manufacturing Indiana (TMMI). The business relates to the upcoming 2007 Tundra. 
For this business opportunity associated with Toyota Automobile, Cooper 
Standard believed that putting their best effort forward would allow them to provide 
outstanding quality performance in the production process and in material control, 
thereby meeting Toyota's requirements. In achieving its satisfaction goals, Cooper 
Standard has adopted a Design for Six Sigma (DFSS) management approach and 
established a capable project team to focus on developing DFSS management and to 
utilize the strategies to ensure the quality ofa particular product, Toyota 180L Spiral 




As Cooper Standard Automotive prepared to begin their relationship with 
Toyota Automobile, some critical questions were asked relating to the business 
relationship being established. 
1. What are the expectations of quality performance that Toyota Automobile 
expects to see from Cooper Standard Automotive products? 
2. How could Cooper Standard Automotive identify qualitative aspects of the 
products performance from the new customer based on the existing production 
process? 
3. What are the methodologies that Cooper Standard Automotive could utilize to 
improve the new products and meet the customer demands? 
Based on these three general questions, Mr. Steve Defazio, a 
Finishing/ Assembly Manager (DFSS Blackbelt) at Copper Standard Automotive, 
adapted the Design for Six Sigma (DFSS) management system approach to discover 
strategic solutions for answering these questions in detail. This proactive approach 
was a necessary step and ml!inly impacted the launching of this new and unfamiliar 
product. It is well known that quality is critical to Cooper's business operation, so at 
this point the Design for Six Sigma management was implemented immediately in 
investigating all possible design aspects of radiator hoses to prevent the cost on 




The research objectives were developed and addressed in this research in 
associaticm with Cooper Standard Automotive and they are listed next: 
I. Develop the Design for Six Sigma (DFSS) and implement it on Toyota 180L 
Spiral Radiator Hoses at Cooper Standard Automotive in Mt. Sterling, 
Kentucky. 
2. Conduct Design of Experiment (DOE) and Response Surface Design (RSD) to 
develop and complete the valid construction value settings in manufacturing 
process for spiral radiator hoses in meeting its Inside Diameter (I.D.), Wall 
Thickness, Wall Thickness Variation, Functional and Aesthetics requirements. 
3. Conduct process capability validation experiments for Toyota 33mm and 
37mm spiral radiators hoses. 
The effort of utilizing the DFSS methodology assisted the DFSS project team 
identified and understood their oriented goals clearly; the objectives of the project 
were then developed and implemented into the development phases. Following the 
structure ofthe.DFSS methodology, the project team carefully utilized the strategies 
ofDFSS step by step to increase quality assurance levels and productivity. 
·-
Significance of the Study: 
Technically, the findings of the Design of Experiment (DOE) and Response 
Surface Design (RSD) trials could optimize radiator hoses production process. 
However, the manufacturing process capability analysis is a follow up study 
regarding the uses of statistical methodology in DFSS management that measuring 
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the design and to evaluate Cooper Standard production process compare with Six 
Sigma measurement standard levels which the capability indices of Cp2:2 and 
Cpkcl.5. 
Assumptions: 
According to the concept of Motorola's Six Sigma, it ensures the production 
process capability has only a 3.4 ppm (parts per million) defect rate (Adams, W. C., 
Gupta P., and Wilson E. C., 2003). Hence, this research assumed the DFSS 
management system would direct the team to accomplish this goal and pass customer 
approval on Toyota spiral radiator hose requirements. Another assumption was that 
the research assumed that by using the validation of the 33mm spiral radiator hose 
construction, the value setting is compatible with other dimension spiral radiator 
hoses since there are six different Toyota radiator hose jobs. 
Limitations: 
The first limitation that needs to be recognized was that Cooper Standard has 
an existing manufacturing process for radiator hose products that has been 
implemented for several years. Although improvement opportunities exist, the entire 
process did not make any changes to produce this specific Toyota job during the 
duration of this research. 
The second limitation was the benchmarking target selection. The limitation 
was the Cooper hoses which were tested and compared with Toyoda Gosei (TG) V8 
Spiral Radiator Hoses on insertion force, since they are one of the competitive 
suppliers associated with Toyota Automobile. No other suppliers' products were 
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taken into the consideration as a benchmarking target. In other worlds, Cooper's 
radiator hoses were compared only with Toyoda Gosei (TG) hose products to ensure 
the capability and functional performance are comparable in the marketplace. 
The third-limitation was that a complete radiator hose product needs to be 
tested on several quality standard levels, such I.D., Wall Thickness, Wall Thickness 
Variation, Insertion Force Test, Hoses Appearance, Leakage and Burst Test. 
However, this research focus on the particular factors that mostly affect to hose's 
I.D., Wall Thickness, Wall Thickness Variation, Appearance Qualification and 
Insertion Force aspects. Design of Experience (DOE) process was the experimental 
methodology that used to study the constructing factors that have most effect on the 
hose's Insertion Force and Response Surface Design (RSD) was another experimental 
methodology used to optimize the hoses' I.D., Wall Thickness, Wall Thickness 
Variation and Appearance qualification. 
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Definition of Terms 
• I.D.: Inner diameter of spiral radiator hose. 
• Wall Thickness: The overall difference between hose's outside diameter and 
inside diameter. 
• Wall Thickness Variation: The difference between hose's maximum and 
minimum wall thickness points. 
• Yarn Denier: The weight in grams of9000 meters of fiber. Denier is a direct 
numbering system in which lower numbers represents the finer yarn sizes~., 
840, 1000, and 1100). 
• Pre-form Interference: Dimensional interference between uncured hose I.D. 
and mandrel diameter. 
Example: A value of Pre-form Interference for an I.D. 1.299" hose is 0.018" 
in. then the actual hose I.D. need to be made at Extrusion Line by: 
1.299" - 0.018" = 1.281" 
• Yarn Package: Amount of fabric reinforcement used in the construction of the 
radiator hoses. 
• EPDM (ethylene-propylene diolefin monomer) Rubber: 
Synthetic rubber; a polymer of ethylene and propylene with a small amount of 
diolefin monomer added to permit vulcanization with sulfur. Possesses 
excellent resistance to ozone, sunlight and weathering, has good flexibility at 
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low temperatures and good electrical insulation properties (Motorcraft.com, 
2005). 
• Insertion Force (lbs): Amount of force required for the operator to load the 
radiator hoses onto joint fitting between engine and radiator. 
• Cap-End Process: A process done during the steam curing process for meeting 
customer' s definitional requirements. It results in better control of a hose' s 
I.D., Wall Thickness and WaU Thickness Variation; it also prevents potential 
rubber shrinkage movement during the steam curing process. 
Figure 1. Cap-End on the end of a Radiator Hose 
• Bulges: A defect that normally occurs on the bend areas of the hoses after the 
steam curing process. 
Figure 2. Bulges Issue 
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• Non-Fills: A defect in which the material is not fully filled within a 2mm 





Figure 3: Non-Fills Issue 
• MINIT AB Statistical Software: An industry standard comprehensive 
statistical and graphical analysis software package. It is the primary package 
used in Six Sigma and other quality improvement projects, and is widely 
known for its comprehensive collection of methods, reliability, and ease-of-
use. 
• Capability Jndjces: Cp and Cpk indices that calculate the ratio of the voice of 
the customer vs. the voice of the product or process. Cp is a measure of 
capability based on short-term or small samples of data, usually what is 
available during product development. The speciation limits span ±6 standard 
deviation, the system has a Cp of 2, shown in the following equation. 
Cp= USL - LSL 
6a 




Cpk is a measure of long term or large samples of data that include not only 
variation also the shifting of the mean itself-usually available during steady 
state production. The system has a Cpk of 1.5, shown in the following 
equation. 
Cpk= min (USL-X, X -LSLJ= min(6a-l.5a, l.5a-(-6a)J= 1.5 
3a 3a 3a 3a 
Equation-2 
Thus, a design that yields 6 sigma performance (Cp=2) in the short term can 
be expected to produce a Cpk of 1.5 in .the long term when in production 
(Antis, D., Creveling, C. and Slutsky, J. 2003, p. 511-513). 
• Design ofEXJJerience (DOE)-A pro~ess for generating data that uses a 
mathematically derived matrix to methodically gather and evaluate the effect 
of numerous parameters on a response variable. Design ofExperiment, when 
properly used, produce useful data for model building or engineering 
optimization activities (Antis, D., Creveling, C. and Slutsky, J., 2003). 
• Fractional Factorial Design-A family of two-and three-level orthogonal arrays 
that greatly aid in experimental efficiency. Depending on how a Fractional 
Factorial design is loaded with control factors, it can be used to study 
interactions or it can be manipulated to promote evaluation of additively in a 
design or process (Antis, D., Creveling, C. and Slutsky, J., 2003). 
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The equation for Fractional Factorial Design is given in the textbook 
(Besterfield, H. D., C., H G., and M., 1999). "Total Quality Management". 
The number of treatment conditions is determined by: 
TC= 11 
Where: 
TC= number of treatment conditions 
I = number oflevels 
f = number of factors 
Equation-3 
To minimize time and cost, this design excludes some of the factor level 
combinations. Factorial designs in which one or more level combinations are 
excluded are called fractional factorial designs. 
Table I summarizes an example of a two-level default design and the base 
designs for designs in which to specify generators for additional factors. Table 
cells with entries show available run/factor combinations. The first number in 
a cell is the resolution of the unblocked design. The lower number in a cell is 
the maximum number of blocks you can use. 
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Table 1 
Summary of Two-Level Default Design for the Research Experimental Design 
Reference 
Number of factors 
Number of 
2 3 






IV m m m 
4 4 2 2 1 
16 
full V IV IV IV m m m m m m m 
8 8 8 8 8 4 4 4 4 2 2 1 
32 
full VI IV IV IV IV IV IV IV IV IV 
16 16 8 8 8 8 8 8 8 8 8 
64 
full V11 V IV IV IV IV IV IV IV 
32 16 16 16 16 16 16 16 16 16 
128 
full YID VI V V IV 
64 32 16 16 16 16 
• Design Resolution-For fractional factorial designs, indicates which effects are 
aliased with one another. When you run a fractional factorial design, one or 
more of the effects are confounded. That is, the effects cannot be estimated 
independently and therefore, these effects cannot unambiguously be attributed 
to a single factor or interaction. Generally, you want to use fractional designs 
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that have the highest possible resolution consistent with degree of 
fractionation required. Resolution III, IV, and V designs are particularly 
important (Minitab Inc., 2004). 
• Blocks: Blocking is a technique used to increase the precision of the 
experiment. Blocks are portions of the experimental unit that are more similar 
to one another than to the entire set of data. Although every measurement 
should be taken under identical experimental conditions ( other than those that 
are being varied as part of the experiment), this is not always possible. Factors 
that affect the experiment which can be measured, but are not controlled, can 
be accounted for using a blocked design (Minitab 14 Software). For example, 
an experiment may be carried out over several days with large variations in 
temperature and humidity, or data may be collected in different plants, or by 
different technicians. Observations collected under the same experimental 
conditions are said to be in the same block (Minitab Inc., 2004). 
• Response Surface Design: A response surface, in general, is curved and 
bumpy. In order to model this surface, it needs a transfer function with 
quadratic or higher terms in it. A two-level design is not capable of estimating 
quadratic effects. It needs to have an experiment with at least three levels. 
This can get very large. There is, however, an economical design that gives 
the needed information. It is called a central composite design (CCD). The 
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CCD is a composite of a Full Factorial with a center point and additional 
points called star or axial points (Antis, D., Creveling, C. and Slutsky, J. 2003). 
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CHAPTER IT 
REVIEW OF LITERATURE 
This section reviews the literature related to this research. Then, the 
background of the company and the concept of production processes are explained 
and interpreted. 
Literatures Review 
Folaron and Morgan, 
(2003) presented a historical table 
of the contribution to Six Sigma in 
the article "The Evolution of Six 
Sigma" as shown in the Figure 4 
(p.38). Eli Whitney was a great 
contributor in the quality field. In 
1798, he received a mass 
production contract to make 
muskets for the government. He 
proved the possibly of using 
methods to produce 
interchangeable parts by using a 
capable machine to replicate different 
parts (Folaron and Morgan, 2003, p. 
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Figure 4. Each Era's Contributions to Six 
Sigma ( Folaron and Morgan, 2003) 
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38). Later in mid-1800s, he created and put into practice the use of the go and no go 
gage as a measuring tool that can assure dimensional consistency and detect the over 
limits defect parts. It was the earliest quality inspection technique applied to the 
industry. (Folaron and Morgan, 2003, p. 38). 
Around 1920, Walter Shewhart was a colleague with the most famous quality 
leaders of the time, Joseph M. Juran and W. Edward Deming in the Western Electric 
manufacturing plant. On May 16, 1924 the new version of a data collection, display 
and analysis form was introduced by Shewhart and it was known as a process control 
chart and statistical quality control. They are excellent quality techniques that have 
widely been used in today's industry (Folaron and Morgan, 2003, p. 39). The rational 
of Six Sigma as a measurement standard in product variation was a statistical strategy 
contributed by Shewhart; he indicated that three (3) sigma from the mean is the point 
where a process requires correction. Later on, 1988, Bill Smith, a statistical engineer 
at Motorola introduced the Six Sigma and credit for the term with many measurement 
standards (Cp, Cpk, Zero Defects, etc.) (isixsigma.com, 2005). 
The Japanese realized that the study and utilization of statistical rational was a 
factor in losing the war to the Allies in 1945. However, since Shewhart was unable to 
travel due to his illness in 1950; a friend of his, Deming, went to Japan and educated 
them on the theory of statistics for continuous improvement; meanwhile, Juran 
implemented his principles of quality management throughout Japanese organizations 
and addressed solving quality issues. Later, in 1951, his "Quality Control Handbook" 
was created (Folaron and Morgan, 2003, p. 40).Over the next twenty years, the 
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Japanese adapted the methodology of using statistics with quality management and 
widely applied it to the automobile industry, resulting in successfully designing high 
quality, performance automc:,biles, at low cost. 
As a matter of fact, losing market share to foreign competitors had a great 
impact on American automobile manufacturers. They started seeking better quality 
management and strategies because of the stimulation brought from Japan which 
made them more aware of this importance. The insufficient knowledge of quality 
control in the United States was improved after Deming began helping American 
managers to comprehend the concepts of variation and the benefit of using statistical 
study for preventing the defect issues and improving the production process (Folaron 
and Morgan, 2003, p. 41 ). The great quality improvement works done by Deming and 
other quality philosophies has enhanced the industrial activities in America. 
Corporations such as Motorola, IBM and General Electric are the most famous and 
successful companies that are still unbeatable and fast growing in the extremely 
competitive marketplace. Their organizational systems were enhanced and they 
benefited by implementing the philosophy and strategy of the Six Sigma management 
approach. 
In 1988, Bill Smith, a Communication Sector Quality Manager at Motorola, 
dedicated the conceptual use of Six Sigma program from a traditional statistic 
methodology application to a business improvement strategy approach and it was the 
critical key for Motorola to meet their success as a winner of the Malcolm Baldrige 
National Quality Award (Harburg. F., 2004). The objective of the program was the 
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reduction of the variation in every process under a six (6) sigma specification limits. 
He decided to have one point five (1.5) sigma shift for the process and assumed it 
could behave normally and fit Walter Shewhart's control chart theory (Adams, W. C., 
Gupta P., and Wilson E. C. 2003). This sigma shift for the process was clearly 
interpreted and defined from (lwintl.com, 2004) 
"The sigma rating is based on the distribution of a process output as related to 
a customer requirement. This diagram shows the short-term process output 
. . 
(solid blue) which is centered in the specification. The short term variability 
of the process output is such that the upper specification limit (USL) and the 
lower specification limit (LSL) are both six standard deviations ( called cr, or 
sigma in statistical parlance) away from the center. Recognizing that most 
processes shift somewhat over a long period of time, an arbitrary change of 
plus or-1.Scr is expected to happen, leaving 4.5cr between the shifted average 
and the specification limit. This means that a process running at a six sigma 
level in the short term can tolerate a relatively large amount of drift and still 
make only 3 .4 PPM nonconforming over the long term with the dashed blue 
line". 
17 
LSL U L 
.--shift--+ 
Figure 5. Process Shift within Customer Specification 
Indeed, the 1. 5 sigma shift means the value of process index (Cpk) I. 5 with a 
nonconformance rate 3.4 parts per million were defined throughout a number of years 
of production process experiments at Motorola as a standard reference point. Upon 
this significant theory, project management phases (DMAIC) were added into Six 
Sigma toolkit by Mikel Harry and others (1990) and adapted by other organizations 
such as Allied Signal (I 993) and General Electric (1995) to approach a lowest cost 
and highest value product and steering to a successful business result 
(sixsigmainstitute.com, 2004). 
Figure 6 is a clearly DFSS management process phases illustrated by Lean 
Sigma Institute for improving existing processes. 
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Figure 6. DFSS Design Phases and Key Tools (Adapted from Lean Sigma Institute) 
The management phases of Design of Six Sigma process are: Define, Measure, 
Analyze, Improvement and Control (DMAIC) which they used to achieve the 3.4 
defects per million opportunities in a project work. In the meaning of those terms, 
they are utilized to emphasize any possibility perspectives that associate a particular 
product and service via interaction between the internal and external customers. 
In the "Define" phase, the team is established and the purpose of the project is 
validated and the key tools such as Team Charters and VOC are quickly created and 
reviewed in this phase (McCarty, Daniels, Bremer and Gupta, 2005, p. 363). The 
development then steps into the "Measuring" phase after the project and product 
defined. In this phase, the critical process map needs to be created and so as the 
measurement system for providing the valid data (McCarty, Daniels, Bremer and 
19 
Gupta, 2005, p. 392). Therefore, the valuable data can be defined and colleted by a 
reliable data collection process. Next, in the "Analyze" phase, the team determines 
the root causes of the problems of the process that it identified in the Define and 
Measure phases of the project and the helpful tools are FEMA and Pareto charts 
(McCarty, Daniels, Bremer and Gupta, 2005, p. 428). Once the team has validated the 
causes of the problems in the process, the new ideas for changing the process are 
generated in next phase called "Improve" for improving the process (McCarty, 
Daniels, Bremer and Gupta, 2005, p. 455). The powerful tools for accomplishing this 
phase are Pilot, FEAM and DOE. Finally, in the "Control" phase, the team should 
develop a plan to implement the solutions selected in the Improve phase and also 
conduct the control charts to monitor the process (McCarty, Daniels, Bremer and 
Gupta, 2005, p. 472). Yet, the project does not finish up at the Control phases. 
Instead the team still needs to look out for any continuous process improvement 
opportunities. 
However, it is understandable that the Six Sigma management approach is 
valuable for any size organizations which in implementing this process to avoid 
rework, scrap and defect product which usually waste time and money. Furthermore, 
the Six Sigma management approach increases the profitability and productivity 
under a standard process monitoring. 
Background of Cooper Standard at Mt. Sterling, Kentucky 
Cooper Standard Automotive, Fluid Division, in Mt. Sterling produces rubber 
hose and hose assemblies for the automobile manufacturing market in the United 
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States, and the facility has been operating since 1996. They originally intended to 
only employ 400 people but today they employ over 575 people and are considered to 
be a high quality performance organization, yet they still strive to improve quality. 
The manufactured rubber hoses are assembled and provided to customers such as 
Ford, Chrysler and Nissan, and they frequently add new customers. With their 
customer services, Cooper Standard always focuses on the customers' desires and 
needs. 
Review of Radiator Hoses 
The upper and lower radiator hoses are all flexible connections between the 






Figure 7. Diagram of a Cooling System (Adapted from HowStuffWorks.com, 2005) 
Because of engine vibration, flexible connections are mandatory between these areas. 
Also these hoses must be able to withstand the extreme heat environment under the 
hood of a vehicle as well as up to 20 pounds of internal pressure (Century 
21 
Performance Center, 2005). Because of the wide temperature range of the coolant, 
they must also be compatible with below zero to over 250° F temperatures without 
failing (Century Performance Center, 2005). Rubber radiator hoses are typically made 
ofEPDM (ethylene-propylene diolefin monomer). As shown in figure 8, there are 
three layers consisting of a rubber radiator hose: the tube, reinforcement, and cover. 
Reinforcement Tube 
Figure 8. Three Layers of a Rubber Radiator Hose 
As the innermost layer, the "tube" has two functions: to contain the fluid 
being conveyed and to resist being broken down by that fluid (rlhudson.com, 2005). 
If the fluid to be contained undergoes any sudden increases in pressure, the tube may 
need to be reinforced by fabric or wire (rlhudson.com, 2005). This "reinforcement" is 
the second layer of most rubber hoses. Reinforcement helps protect the tube from 
internal pressure and outside forces. Reinforcing fabric or wire is applied by braiding, 
knitting, spiraling, wrapping, or weaving. The third (and outermost) layer is the 
"cover." The cover further protects the tube from external damage and environmental 
deterioration (rlhudson.com, 2005). 
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Production Line Processes at Cooper Standard 
The entire process of producing rubber hoses flows through several process 
stations. The first process begins with the raw rubber material that is transformed into 
formed rubber hose that Cooper defines as Extrusion Line. Once the raw material has 
been received from the suppliers, the operator feeds it into the extrusion machines on 
the Extrusion Line Stations. The extruded tube hose is formed to meet the I.D. 
specification which is controlled by tube (pin and die) tooling selection. In the next 
step, the fabric yam is applied on the surface of the tube depending on the different 
number of packages and angle settings; the purpose for applying the· yam is to 
reinforce the strength of the hoses. Next, the tube continues to feed into a second 
extrusion machine to form the cover and meet its O.D. specification which is 
controlled by cover (pin and die) tooling selection. The hoses are then_inkjet printed 
with a customer's logo and part identified number after they passed through a laser 
inkjet head. Finally, the hoses were cut off with a specific length by a blade cutter. 
The hoses samples then are randomly selected to inspect on Inner diameter (I.D. ), 
Outer diameter (O.D.), Wall Thickness Average and Wall Thickness Variation by a 
non-contact laser measuring machine (QC-20, see Appendix A for instrument 
description) to obtain the measurements. 
The cut off hoses are then sent to forming stations to be steam cured with 
different shape hoses based on customer functional and dimensional design. The 
operators at forming stations take the perform hoses and loads them onto the shaped 
mandrel bars and puts it into an autoclave with three hundred twenty five (3 25) 
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degree heat for twenty five (25) minutes. After the forming process, the hoses are 
then washed with mixed soap and water. After being washed, the hoses are air dry 
and sent to the assembling line. The assembling lines they are sent to depend on their 
functional purposes. A similar rubber radiator hose production process is shown in 
Figure 9. 
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Figure 9. Formed Rubber Hoses (Adapted from RL Hudson & Company) 
It is notable that every single detail of the production process could have a 
critical effect on the radiator hoses failing. Possibilities include a wrong yarn and 
pattern or over high limit/ under low limit of O.D/1.D. specifications. Here, the causes 
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of errors in the process and the results of potential defects ·need to be comprehended 
while manufacturing a reliable and high quality performance radiator hose. 
The error of wrong yarn and pattern in the process are usually caused by: 
a) Wrong thread pattern 
b) Wrong bushing 
c) Incorrect pitch setting on continuous lines 
d) Incorrect yarn type used 
Potential Defects Resulting: 
a) Burst failure from too little yarn 
b) Installation efforts too great from too much yarn 
c) Wrong yarn will not meet heat requirements 
d) Wrong yarn will be chemically deteriorated by incompatible rubber, 
causing hoses failure 
The error ofO.D/I.D. over high limit/under low limit in the process usually 
cause by: 
a) Inaccurate measurement by operator 
b) Improper or no pin placed in I.D. to measure O.D. 
c) I.D. of extrusion larger than measure over pin causing thin wall and O.D. 
ULL with potential ofl.D. OHL on the finished part 
d) Extreme stretch on hose causing excessive shrinkage and resulting in 
incorrect dimensional results 
e) Starving of extruder causing uneven rubber flow 
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Potential Defects Resulting: 
a) Installation effort increase 
b) Inability to crimp hose 
c) Potential burst failures 
d) Age failures on long term performance of hose 
Chapter-ill 
METHODOLOGY 
Restatement of Research Objectives: 
The areas of consideration were determined based on the strategic 
development and mathematical aspects studied in implementing the DFSS on Toyota 
spiral radiator hoses. However, the research objectives conducted and addressed in 
this research are guided by the general concerns listed below: 
I. Develop the DFSS and implement it on Toyota 180L Spiral Radiator Hose at 
Cooper Standard Automotive in Mt. Sterling, Kentucky. 
2. Conduct Design of Experiment (DOE) and Response Surface Design (RSD) to 
develop and complete the valid construction for manufacturing spiral radiator 
hoses in meeting its I.D., Wall Thickness, Wall Thickness Variation, 
Functional and Aesthetics requirements. 
3. Conduct process capability validation experiments for 33mm and 37mm spiral 
radiators hoses. 
Methodology for Research Objective One: 
In this DFSS development for Toyota spiral radiator hoses, all the strategies 
are implemented by following the DFSS model created by Uniworld Consulting Inc. 
In their "Concept Engineering Tool Illustration", the process begins with "Value 
Chain" and end with ''Process FMEA''. The process toolkit consists in DFSS 
management are listed below: 
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• Value Chain 
• Customer Matrix 
• Discussion Guide and Interview 
• ImageKJ 
• Voice Reduction 
• Translations 
• Requirements KJ 
• KANO Diagram 
• Functional Requirements 
• Quality Function Deployment (QFD) 
• PUGH 
• Critical Parameter Map 
• Design FMEA 
• Process Map 
• Process FMEA 
"Value Chain" is the earliest stage in the DFSS management. It is utilized to 
focus on external and internal customers' identification that are associated with the 
project and primary is to understand the customers' needs and identify cost on time, 
effort, space, and money. The steps to a Value Chain Map are listed below: 
• Give the Value Chain a Name 
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• For one Market Segment, Identify the Output or Products, End Users, and End 
. User Expected Benefits. 
• Identify Company and Market or Product Segments 
• Identify Suppliers and their Inputs 
• Identify customers between Cooper's suppliers and project's end user. 
• Identify benefits and costs for each entity 
• Identify Suppliers of Similar Products to Customers 
• Identify Influencers and their expected benefits 
• Within each of the Companies/Organizations list the names of all the 
Functions/Customers who experience benefits or costs related to the 
product/service offering 
• List any of the potential ways for the project to increase benefits or decrease 
cost that will increase the value of your offering. 
The session result of the defining "Value Chain" is presented in Appendix B 1. 
"Customer Matrix" is a stage to identify who are the customers (Internal and 
External) that the project team must visit in order to gather the information related to 
the product. In this stage, the abstract segment is to distinguish who are the relevant 
customers for the current/potential product/process or service area that Cooper is 
exploring and what are the different types of consumer, collaborator and influencer. 
The session result of defining the "Customer Matrix" is presented in Appendix B2. 
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"Discussion Guide and Interview'' is a stage that uses the interview method to 
gather the information from customers. The customers are defined as well in the 
second stage, "Customer Matrix" development, which included internal and external 
aspects of the customers. A questionnaire was conducted to obtain information 
regarding observations on the radiator hoses made by the manufacturing operator, 
supplier, end user etc. The feedback on the questionnaire told us what the customer's 
perspectives on the product are. In decoding these valuable feedbacks it leads the 
project team to identify the factors that influence the product and the production 
process which must be taken into consideration during project development. A 
sample of the "Discussion Guide and Interview" is presented in Appendix B3. 
The "Image and Voice KJ'' method, named after the Japanese anthropologist 
Jiro Kawakita, is used to process the Voice of Customer (VOC) data into rational 
groups based on common themes. It employs higher levels of categorizing the many 
details of expressed or observed/imaged need (Antis, D., Creveling, C. & Slutsky, J., 
2003, p. 122). Here, the team used the KJ method to investigate the definition of a 
quality radiator hose in the customers' eyes. Based on the customers' feedback, the 
team members wrote down the images of a quality radiator on the note and post them 
on the wall. Then the draft image notes were grouped into different categories by 
similarity on a process called the "red level process". The "blue level process" is the 
next step in ranking the importance of categories for 1st, 2nd and 3rd place. The 
session result of the "Image and Voice KJ'' is summarized in Appendix B4. 
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"Quality Function Deployment (QFD)" and the resulting "House of Quality" 
chart is a method that is used to balance the conflicting requirements. Multifunctional 
trams are used in the development, and the resulting matrix can serve as an important 
communications tool. The Customer's Critical Criteria were listed by the project team 
at Cooper Standard Automotive and taken to the customer Toyota Automobile who 
ranked the importance. Engineering requirements that are needed to meet the voice of 
the customer are complied. The relationships between customer requirements and the 
"engineering know-how" are shown in a relationship matrix (Adams, W. C., Gupta P., 
and Wilson E. C., 2003 p. 221). The session result of the creating "House of Quality" 
chart is presented in Appendix BS. 
The "PUGE" method is a structured concept selection process used by 
multidisciplinary teams to converge on superio~ concepts. The process uses a matrix 
consisting of criteria based on the voice of the customer and its relationship to 
specific, candidate design concepts (Antis, D., Creveling, C. & Slutsky, J., 2003, p .. 
744). The session result of the "PUGE" concept selection is presented in Appendix 
B6. 
As the project went through those key tools of the DFSS development, The 
DFSS team discussed and determined that a Design of Experiment (DOE) was 
required to determine contrasts and comparisons of comparable concepts to decide 
which was more effective for manufacturing Toyota Spiral Radiator Hoses. 
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Methodology for Research Objective Two: 
Research objective two was focusing on the strategy of using Design of 
Experiment (DOE) and Response Surface Design (RSD) to improve the production 
process and product qualification. As has been mentioned in the literature review 
section of this research, the DOE and RSD experimental methodologies are powerful 
key tools in the improvement phase of the Design for Six Sigma to improve 
manufacturing process and quality. As well as its efficient performance, the project 
team decided to conduct DOE and RSD to optimize the reduction of the detective 
products and proving the production ability to customer. 
Design of Experiment (DOE) for Insertion Force: 
The DOE technique was utilized to capture the factors that have a significant 
effect on the amount of force needed to insert the hose onto the joint fitting. In this 
DOE trial, the factors and levels were determined based on the session result of 
"PUGE Concept Selection" and it was attempting to achieve the target of the 
insertion force of fifteen (15) lb according to Toyota's requirements. The experiment 
result was also compared with benchmark target Toyoda Gosei (TG) hoses. The 
seven factors (Rubber Hardness, Yam Angle, Pre-form Interference, Yam Packages, 
Tube/Cover Split, Yarn Denier and Hose Cleanness) with two levels (High & Low) 
are listed in the table 2. The value settings oflevels were informed according to the 




Insertion DOE Factors and Levels Setting 
Factors Level-I (Low) Level-2 (High) 
Rubber Hardness 60 70 
Yam Angel 49° 59° 
Pre-fonn Interference 0.01" 0.1" 
Yam Packages 16 24 
Tube/Cover Split 40/60 60/40 
Yam Denier Cooper (I 680) TG(840) 
Hose Cleanliness Dirty Clean 
Insertion DOE Design Procedures by Minitab 14: 
I . First is to pull down the menu options from the top of the menu bar then 
following by >Stat >DOE>Factorial > Create Factorial Design as shown in 
Figurel0 
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Figure 10. Minitab Manipulation for Generating Insertion DOE Trial 
2. Select 2-level factorial (default generators) when a design dialog-box pops up 
and then and select the number of factors to "7'' since there are seven (7) factors 
has been selected and decided by the project team. 
3. Select "Design" option from "Create Factorial Design" dialog-Box then selects 
the"½ factorial 64" due to the time and cost concerning. Next, click "OK" when 
done. 
4. Select ' 'Factors" option from "Create Factorial Design" djalog-Box then type 
in the factors with their Levels values. Click "OK" to return page. 
5. Click "OK" in "Create Factorial Design" dialog-box when finishing the setting. 
The created insertion DOE trial runs in a worksheet indicated a total of sixty 
four (64) samples were needed and the individual insertion force measurements were 
recorded as in Appendix C. 
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1st Response Surface Design (RSD) for Improving Bulges Problems: 
In the findings of the "Insertion Force DOE" experiment, the team observed 
that a majority of the hoses had Bulges problems at the bend area of the hose. The 
team obtained information regarding priority factors that possibly caused this problem 
to be happened. It was concluded that the overall Cut Length has the most significant 
effect on the causes which it was not considered into the effective factors in the DOE 
study. In addition, the "Pre-form Interference" value in manufacturing hose's I.D. 
was another factor that the team assumed could affect the Bulges problems. During 
the rubber curing process, the rubber will expand because the heat force from the 
mandrel and once the hose cools it will shrink back to mandrel; this can cause the 
hose to bulge in places. Due to this rubber characteristic, the project team conducted 
this experiment to improve the hose's aesthetic aspect by eliminating the Bulges 
problems using different "Pre-form Interference." 
The factors and levels were determined based on the solution of Bulges issues 
discussion and the standard finished length of the hoses 29.125" with a± 0.25" 
tolerance was obtained from Toyota. Two factors (Cut length & Interference) with 
two levels (High & Low) are decided and listed in the table 3 for this experiment. 
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Table 3 
Jst RSD Factors and levels Setting 
Factors Level-1 (Low) Level-2 (High) 
Pre-fonn Cut Length 28 7/8" 29 3/8" 
Pre-form Interference 0.015" 0.035" 
1
st 
(RSD) Design Procedures by Minitabl4: 
1. First is to pull down the menu options from the top of the menu bar then move 
the pointer following by >Stat >DOE>Response Surface> Cl ick Create Response 
Surface Factorial Design as shown in Figure I 1 
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Figure 11 . Minitab Manipulation for Generating 1st RSD Trial 
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2. Choose "Central composite" when a design dialog-box pops up and then and 
select the number of factors to "2" since there are two (2) factors has been 
selected and decided by the project team. 
3. Select "Design" option from "Create Response Surface Design" dialog-Box 
then chooses the "Full with Runs 13" and change the "Number ofreplicates" to 
"2". Choose "Face Centered" for "Value of Alpha" then click "OK" when done. 
4. Select "Factors" option from "Create Response Surface Design" dialog-Box 
then type in the factors with their levels' values. Click "OK" to return page. 
5. Click "OK" in "Create Response Surface Design" dialog-box when finishing 
the setting. 
The creation ofRSD trial runs in a worksheet indicated a total of twenty six 
(26) samples were needed and the individual measur~ments were recorded as in 
AppendixD 
2nd Response Surface Design <RSD) for Improving Bulges & Non-Fills Issues: 
In the result of the 1st Response Surface Design experiment, the team has 
concluded that the contour plot has unknown curvature areas to the left side which 
means the factor "Pre-form Interference" value settings in the first model did not 
cover the desired ranges in gathering enough data for drawing a valid conclusion, 
therefore, this experiment was conducted to supplement the 1st Response Surface 
Design model. Furthermore, "Non-Fills" issue was another unacceptable problem. 
Since the team was concerned with a high percent of rejection possibility from the 
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customer. The study of Non-Fills was included in this experiment due to this critical 
rejection issue. The factors and levels were determined based on the adjustment of 
first Response Surface levels setting in discovering the unknown curvature areas. The 
adjusted two factors (Cut length & Pre-form Interference) with two levels (Low & 
High) are listed in the table 4. 
Table4 
2nd RSD Factors and Levels Setting 
Factors Level-I (Low) Level-2 (High) 
Pre-form Cut Length 29 1/8" 301/8" 
Pre-form Interference 0.005" 0.030" 
2nd (RSD) Design Procedures by Minitabl4: 
I. First is to pull down the menu options from the top of the menu bar then move 
the pointer following by >Stat >DOE>Response Surface> Click Create Response 
Surface Factorial Design as shown in Figurel2 
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Figure 12. Minitab Manipulation for Generating 2nd RSD Trial 
2. Choose "Central composite" when a design dialog-box pops up and then and 
select the number of factors to 2 since there are two (2) factors has been selected 
and decided by the project team 
3. Select "Design" option from "Create Response Surface Design" dialog-Box 
then chooses the default setting "Full with 14 Runs" and enter "2" for the 
''Number ofreplicates." Choose "Face Centered" for "Value of Alpha" then click 
"OK" when done. 
4. Select "Factors" option from "Create Response Surface Design" dialog-Box 
then type in the factors with their Levels' values. Click "OK" to return. 
5. Click "OK" in "Create Response Surface Design" dialog-box when finishing 
setting. 
The RSD trial runs that were created in a work.sheet indicated a total of twenty 
eight (28) samples were needed and the individual measurements were recorded in 
Appendix E . 
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Methodology for Research Objective Three: 
The study of process capability (Cp and Cpk) was the goal of the measuring 
stage in this objective. It was to confirm the factors' value settings found in the 
objective two could ensure the hose's I.D., Wall Thickness and Wall Thickness 
Variation be manufactured at Six Sigma measurement standard levels. In doing so, it 
was decided to run a total forty eight (48) samples trail on Toyota 33mm radiator 
hoses with the Pre-form Interference 0.018". The three different populations of the 
Pre-form Cut Length are: Maxima: 29.375", Nominal: 29.25" and Minima: 29.125", a 
sixteen (16) sample size is consisted in each population to complete the trial. In 
addition, the team also conducted a total of thirty six samples trial with the same Pre-
form Interference 0.018"on Toyota 37mm radiator hoses. The three different 
populations of Cut Lengths are: 29.1875", 29.25" and 29.3125" and a twelve (12) 
sample size is consisted in each population to examine whether the result of this trial 
could also achieve Six Sigma measurement standard levels. 
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CHAPTERN 
Data Analysis and Discussion 
The intention of this paper is to develop the Design of Six Sigma strategies 
and complete the validation on constructing Toyota 180L 33mm and 37mm spiral 
radiators hoses. The measurement data that needed to be analyzed were the 
experiments conducted for research objective two and three for observational study 
and decision making perspectives. 
The trail samples were manufactured from the extrusion production line and 
then shaped at forming production pools. The individual measurements of the 
insertion force were taken from the samples that were tested on the tensometer 
machine. The recorded data consisting of the hoses' I.D., Wall Thickness and Wall 
Thickness Variation were gathered from the samples scanned on the quality 
inspection machine (QC-20) and then entered into Minitab software to analyze the 
trial results by generating statistical and graphical results. 
Research Objective Two Data Analysis and Discussion 
The statistical analysis of a Design of Experiment (DOE) trial and two 
Response Surface Design (RSD) tria\s were completed in this objective to determine 
a valid construction for manufacturing Toyota 180L 33mm spiral radiators hoses. 
Insertion DOE Data Analysis and Discussion: 
The recorded data of the Insertion Force was entered into Minitab software by 
following procedures for analyzing the trial result: 
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1. First is to pull down the menu options from the top of the menu bar then 
follows by >Stat >DOE>Factorial > Analyze Factorial Design 
2. Select "Insertion" to be the responses when an "Analyze Factorial Design" 
dialog-box pops up and click "OK" to end up the dialog. 
3. The data analysis graphs were presented as Figure 13 and 14: 
Normal Probability Plotafthe Standardized Effects 
(response is Insertion-A, Alpha = .05) 
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Figure 14. Pareto Chart of the Standardized Effects on Insertion Force 
Insertion DOE Data Analysis: 
The red square dots in the ''Normal Probability of the Standardized Effects" 
graph demonstrated the most significant effective factors; however, the factors term E 
(Tube/Cover Split) & G (Hose Cleanliness) should be removed from the model in 
order to observe the remaining effective factors since they both did not appear in the 
plot and their pavalues were greater than significant p-value 0.05 (see Appendix C2 
for calculated p-values). The updated graphs were presented in Figure 15 and 16 after 
insignificant factors were removed. The Pareto Chart pointed out the most significant 
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Figure 16. Updated Pareto Chart of the Standardized Effects on Insertion Force 
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Discussion of Insertion DOE: 
1. The average insertion force was 34 .11 lbs in this experiment and the 
individual measurements can be found in Appendix C. 
2. By the Descriptive Statistical Analysis, R2 is the percentage of total variation 
in the response that is explained by predictors or factors in the model. In 
general, the higher the R2, the better the model fits the data. The calculated 
value ofR
2 
in this experiment was 85.38% which implies the model fits the 
data well. The value ofR2 can be found in Appendix C2. 
3. The factor terms E (Tube/Cover Split) & G (Hose Cleanliness) were removed 
from the model because they were insignificant effects on insertion force. 
4. Adjusted R2 is useful for comparing models with different numbers of 
pn,dictors or factors. By removing three insignificant terms, the interactions 
R
2 
(adj) increased from 81.25% to 85.78% which accounts for the number of 
predictors in the model by eliminating the insignificant factors and focus on 
significant ones (see Appendix C2 and CJ for R2 (adj) values). 
5 .. It was determined that the factors Yarn Angle, Yarn Packages and Yarn 
Denier are significant due to their high percentage values of epsilon2 and the 
calculated epsilon2 values are presented in Appendix C4. Therefore, a follow 
up DOE needs to be conducted only using these three factors in order to study 
their interaction on reduction of the insertion force. 
6. The majority of hoses in this experiment had the Bulges condition occurred on 
the bend area; a Response Surface Design (RSD) experiment was needed to 
45 
discover the causes of potential phenomena and minimize the chance of the 
Bulges issue occurred on the hoses. 
1
st 
Response Surface Design (RSD) Data Analysis and Discussion: 
The levels of the Bulges condition were classified via the visual observation 
technique before analyzing this experiment result. 
Bulges Ranking Technique: 
The judging ranges of the Bulges condition were determined and classified 
before to analyze the data; these ranges were assigned based on customer interviews 
(VOC). The team determined the classification one (1 : No Bulges) & three (3 : Slight 
Bulges) are the acceptable ranges to the customer and six (6: Bulges) & nine (9: 
Serious Bulges) are the unacceptable ranges. The visual Bulges ranges are also 
presented in Figures 17, 18, 19 and 20 with their classification. 
Figure 17. Classification I= No Bulges Figure 18. Classification 3= Slight Bulges 
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Figure 19. Classification 6= Bulges 
1st RSD Data Analysis by Minitab 14: 
Figure 20. Classification 9= Serious Bulges 
The recorded data of 1st RSD were entered into Minitab software by following 
procedures for analyzing the trial result: 
1. First is to pu.U down the menu options from the top of the menu bar then 
move the pointer following by >Stat >DOE>Response Surface> 
Counter/Surface Plots as shown in Figure 21 
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Figure 21 . Minitab Manipulation for Analyzing 1081 RSD Trial 
2. Check the "Contour Plot" and click "Setup". 
3. Choose ' 'Bulges" to be "Response" in the set up dialog-box and click "OK" 
to return. 
4. The data analysis contour plot was generated as Figure 22: 
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Figure 22. Contour Plot of 1st RSD Trial Result 
5. Right click on the mouse to pull up secondly options. 
Bulga 
< 2.0 
■ 2.0 • 3.2 
■ 3.2 . 4.,4 
■ 4.4 · 5.£ 
■ 5.6 · 6.8 
■ > 6.8 
6. Use ' 'Plant Flag" function to locate the specific values with the bottom-line 
acceptable Bulges condition three (3) as shown in Figure 23 
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Figure 23 . Contour Plot of 1st RSD Trial Result with Planted Flags 
1st RSD Data Analysis: 
This experiment was attempting to improve the hose aesthetic by minimizing 
the chance of Bulges occurring on the hoses. This is possibly most affected by the 
pre-form Interference and Cut length factors. In the graphics shown in Figure 23, the 
tow flags were planted on the "contour plot" in order to determine the optimal value 
settings for the factors based on the Bulges ranking classification number one (1) and 
three (3) are acceptable from the customer. The upper left flags was planted due to the 
Bulges classification did not exceed the acceptable limit three (3) and so was the 
lower right flag. The two flags' readings pointed out the Cut Length should fall in the 
range value between 28.8722" to 29.1018" with Pre-form Interference value between 
0.0151" and 0.0236" to ensure the Bulges problems could be controlled in customer 
acceptable levels. 
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Discussion of 1st (RSD) for Improving Bulges Issues: 
1. The optimal range was in the lower left quadrant of the contour plot thereby a 
second Response Surface Design was needed to discover the unknown 
curvature in first RSD model. 
2. The Non-Fills issues on the both ends of the radiator hoses were observed in 
this experiment and that was definitely not acceptable in the customers' eyes. 
The team assumed that the short of the cut length has a significant effect 
causes this problem. 
2nd Response Surface Design (RSD} Data Analysis and Discussion: 
The recorded data of the 2nd RSD were entered into Minitab software by 
following procedures for analyzing the trial result: 
1. The first step is to pull down the menu options from the top of the menu bar 
then move the pointer following by >Stat >DOE>Response Surface> Overlaid 
Contour Plot as shown in Figure 24 
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Figure 24. Minitab Manipulation for Analyzing 2nd RSD Trial 
2. Choose "Bulges" and ''Non-Fills" to be responses and then click "Contours" 
options. 
3. Enter the factors value settings for responses and click "OK" to return. 
4. The data analysis contour plot was generated as Figure25 and using the "Plant 
Flag" option to locate the acceptable value settings for minimizing "Bulges" and 
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Figure 25. Contour Plot of 2nd RSD Trial Result with Planted Flags 
2nd (RSD) Data Analysis: 
The two contour areas were separated based on the Bulges classification 
range. This means the white contour area contained acceptable hose with different 
factors value settings. The three flags were planted on the overlaid contour plot for 
determining desired factors value settings to optimize the hose aesthetic and reduce 
the Non-Fills value. The bottom flag in the middle was planted to determine the 
nominal interference and minimum cut length settings with acceptable Bulges 
classification three (3) which it indicated the value 0.0185" pre-form interference 
with the value 29.1287" cut length held hoses with a 1.34 Bulges classification and 
1. 13mm Non-Fills. The flag on the left side was planted to decide the minimum 
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interference and maximum cut length settings with acceptable Bulges classification 
three (3) which it indicated the value 0.0084" pre-form interference with the value 
29.3752" cut length held hoses with a 3.14 Bulges classification and 1.26mm Non-
Fill. The flag on the right side was planted to determine the maximum pre-form 
interference and cut length settings with acceptable Bulges classification three (3) 
nominal setting and it indicated the value 0.028" pre-form interference with the value 
29.3751" cut length held the hoses with a 1.32 Bulges classification and 1.13mm 
Non-Fills. 
Discussion of 2nd (RSD) for Improving Bulges and Non-Fills Problems: 
The final determination on hoses overall Cut length and Pre-form Interference 
setting was based on this experiment result. The validated construction for 
manufacturing 33mm radiator hoses should conform to these settings as summarized 
in table 5 in order to prevent the Bulges and Non-Fills problems: 
Table 5 
33mm Construction Setting Determination of 2nd RSD Result 
Construction Item Minima Nominal Maxima 
Pre-form Interference 0.008" 0.018" 0.028" 
Cut Length 29.375" 29.25" 29.125" 
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Research Objective Three Data Analysis and Discussion 
The intention of this objective was to determine whether the Pre-form 
Interference 0.018" is an adequate construction setting in producing radiator hoses tci 
achieve at a six sigma measurement standard levels for both 33mm and 37mm. To 
achieve the philosophy ofMotorola's Six Sigma, the measurement standard value of 
Cp must be at least 2.0 and Cpk_must meet_ 1,5 rates. Furthermore, the conditions of 
Bulges. and Non-Fills issues were evaluated by using the Pie-Chart to illustrate the 
proportion of each data category relative to the Whoie data set , 
The trial individual measurements of the hoses' I.D., Wall Thicknesses and 
Wall Thickness Variations were entered into Minitab to analyze the trial data for 
process capability based on the dimensional specifications. The dimensional 
specifications of33mm and 37mm are listed in table 6 as for Cp and Cpk calculation 
reference values, and trial individual measurements can be found in Appendix F and 
G. 
Table 6 
Radiator Hoses Specifications 
Radiator Hoses I.D. 
33mm 33±0.5mm 
37mm 37±0.5mm 
Wall Thickness Wall Thickness Variation 
4.5 ± 0.5mm 0-0.8mm 
5 ± 0.5mm 0-0.44mm 
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The process capability of the 33mm I.D. is shown graphically in Figure 26. It 
indicated the response appears to be normally distributed and the average of the 
samples was 32.8992mm with a standard deviation 0.0614756mm. The value ofCp= 
2.97 and Cpk= 2.37 both passed the Six Sigma measurement standard levels and there 
were no out-of - spec values for every million opportunities found in the result. 
Process capability d 33nm LD. 
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Figure 26. Process Capability Analysis of 33mm I.D. 
The process capability of the 33mm Wall Thickness is shown graphically in 
Figure 27. It indicated the response appears to be normally distributed and the 
average of the samples was 4.47926mm with a standard deviation 0.022798mm. The 
value of Cp= 7.7 and Cpk= 7.38 both passed the Six Sigma measurement standard 
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levels and there were no out-of - spec values for every million opportunities found in 
the result. 
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Figure 27. Process Capability Analysis of33mmWalJ Thickness 
The process capability of the 33mm Wall Thickness Variation is shown 
graphically in Figure 28. It indicated the response appears to be normally distributed 
and the average of the samples was 0.260161mm with a standard deviation 
0.0612175mm. The value ofCp= 2.26 and Cpk= 1.47 both passed the Six Sigma 
measurement standard levels. However, there were 10.7 out-of-low specification 
values for every mill ion opportunities found in the result which is not a critical issue 
since it is impossible to have the value beyond 0mm. 
57 
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Figure 28. Process Capability Analysis of 33m.mWall Thickness Variation 
The conditions of 33mm Bulges and Non-Fills issues were clearly illustrated 
in Figure 29. It was observed that the Bulges condition was minimized with the Cut 
Length 29.12511 since no serious Bulges (classification: 9) appeared, and in 46.7% of 
No Bulges (classification: I) occurred; besides the Non-Fills existed in these three 
different Cut Lengths, especially the shorter Cut Length created a larger Non-Fills 
value. 
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Figure 29. Multi Pie-Charts of33mm Bulges & Non-Fills Conditions 
The process capability of the 37mm I.D. is shown graphically in Figure 30. It 
indicated the response appears to be normally distributed and the average of the 
samples was 36.6169mm with a standard deviation 0.051291mm. The value of Cp= 
3.2 passed the Six Sigma measurement standard levels but Cpk= 0.75 did not due to 
the size of the mandrel was manufactured with the old measurement technique; 
therefore, the out-of-spec values for every million opportunities found in the result 
was due to this matter. 
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Figure 30. Process Capability Analysis of 37mm I.D. 
The process capability of the 37mm Wall Thickness is shown graphically in 
Figure 31. It indicated the response appears to be normally distributed and the 
average of the samples was 5.04881mm with a standard deviation 0.0173679mm. The 
value of Cp= 10.12 and Cpk= 9.13 both passed the Six Sigma measurement standard 
levels and there were no out-of-spec values for every million opportunities found in 
the result. 
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Figure 31. Process Capability Analysis of37mrnWall Thickness 
The process capability of the 37mm Wall Thickness Variation is shown 
graphically in Figure 32. It indicated the response appears to be normally distributed 
and the average of the samples was 0.171591 mm with a standard deviation 
0.0246245mm. The value of Cp= 2.86 and Cpk= 2.23 both passed the Six Sigma 
measurement standard levels and there were no out-of- spec values for every million 
opportunities found in the result. 
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Figure 32. Process Capability Analysis of 37mmWall Thickness Variation 
The conditions of 37mm Bulges and Non-Fills issues were clearly illustrated 
in Figure 33. It was observed that the Bulges condition was minimized with the Cut 
Length 29.25" since there was no serious Bulges (classification: 9) appeared and a 
58.3% ofNo Bulges (classification: 1) occurred. However, the Non-Fills existed in 
these three different Cut Lengths, especially the shorter Cut Length created a larger 
Non-Fills value. 
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Pie Chart of 37nm Bulges & Non-fills Condition Analysis 
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This chapter discusses the findings of research objectives and it gives possible 
further study. 
Research Objective One 
The first research objective was to develop and implement the strategies of the 
Design of Six Sigma to guide the project team for ensuring that the radiator hoses can 
be manufactured to Toyota's expectations. In completing this project, the team leader 
demonstrated outstanding leadership in leading the project team to concentrate on the 
parameter of design aspects in order to accomplish this project. 
The selected team members responded professionally in their supporting the 
project being processed. Because of strong leadership, the project team members 
followed this lead in fulfilling their responsibilities in achieving the project objectives 
and making the right decision precisely in each of development phases. 
The powerful key tools in the DFSS phases such as Value Chain, Customer 
Interview, KJ method, QFD and PUGH assisted the team in investigating the critical 
parameter setting for manufacturing a high quality with a low cost radiator hose. The 
DOE and RSD were the methodologies that were utilized for analytical study to 
improve and complete the design of the spiral radiator hoses. Finally, the process 
capability study proved that the production of Cooper Standard Automotive is 
capable to produce Toyota 1801,, spiral radiator hoses. 
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Research Objective Two 
The second objective was to develop and complete the valid construction for 
the 3 3 mm spiral radiator hoses in meeting the dimensional, functional and esthetics 
requirements. As the result of the DOE trial, it indicated the average of the insertion 
force 34.11 lb was higher than the benchmark (Toyoda Gosie) 22.731b and three 
critical factors, Yam Angel, Yam Package and Yam Denier had the most significant 
effects on insertion force. According to the analytical study of the DOE trial result, 
the team decided the Yam Angle 54 degree was adapted from the middle value of the 
trial factor range (Low:49°, High:59°). The Yam Package (24) was determined based 
on the less yarn (Package12) could cause potential failure issues. The Yam Denier 
840 was selected since it does not show the yarn pattern on the hose's appearance and 
it assists in lowering the insertion force. 
In the stage of eliminating the Bulges and Non-Fills conditions that occurred 
in the Insertion DOE trial, the team assumed that two factors, Cut Length and Pre-
form Interference, have potential effect to the problems. The first RSD experiment 
was set up to solve the problems but unexpectedly the value setting of the factor Pre-
form Interference was insufficient to discover the desire response. Hence, the second 
RSD experiment was conducted to supplement the first RSD model and the trial 
result provided an adequate value 0.018" of the Pre-form Interference that could 
reduce the Bulges and Non-Fills conditions to a lowest probability. The completed 
construction of the 33mm spiral radiator was validated according to these trial results 
and the detail of the construction also can be found in Appendix H. 
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Research Objective Three 
The third research objective sought to investigate and confirm whether the 
Pre-form Interference 0.018" could ensure the production process performing at Six 
Sigma measurement standard levels on 33mm and 37mm radiator hoses to meet the 
requirements. However, the result of process capability validation experiments 
proved that the production process was performing at Six Sigma measurement 
standard levels on I.D., Wall Thickness and Wall Thickness Variation and these 
results were summarized in table 7. Technically, the Cpk value of the 37mm I. D. was 
obviously lower than Six Sigma measurement standard levels due to the size of the 
shaped mandrels which were manufactured with less than the I.D. specification target. 
Table 7 
33 mm and 37 mm Radiator Hoses Process Capability Summary 
33mm Radiator Hose 
Specification 
Item Capability Value Process Capability Acceptance 
I.D. Cp=2.97, Cpk.=2.37 Capable Acceptable 
W. Thickness Cp=7.70, Cpk=7.38 Capable Acceptable 
W. Variation Cp=2.26, Cpk=l.47 Capable Acceptable 
Bulges Issue Capable Acceptable 
Non-Fills Issue Incapable Unacceptable 
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37mm Radiator Hose 
Specification Capability Value Process Capability Acceptance 
I.D. Cp=3.2, Cpk=0.75 Capable Acceptable 
W. Thickness Cp=l0.12, Cpk=9.13 Capable Acceptable 
W. Variation Cp=2.86, Cpk=2.23 Capable Acceptable 
Bulges Issue Capable Acceptable 
Non-Fills Issue Incapable Unacceptable 
The overall outcomes of numerous ~xperiments in this project indicated the 
Bulges issues could be minimized by adjusting the Cut Length to be controlled on the 
hoses. However, it then creates a Non-Fills condition that is severe and unacceptable 
to customer. Because of this critical defect issue, the project team decided to extend 
the length on both cap ends of the radiator hoses then apply a trimming process to cut 
off excess martial and meeting the overall length specifications. 
Implications 
Given the findings of this research, it is important to examine the implications 
of this study. The study has implications for future practice such as: 
1. A study of potential burst failures for Toyota 180L 33mm and 37mm radiator 
hoses is needed since dimensional variation could cause this occurred. 
2. Control plans must be conducted before the regular mass production is 
launched and the Six Sigma process capability study should be maintain 
continuously to control the production variation. 
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3. In the design of the radiator hoses, there is an extend length added on both 
ends of the hose and it was determined that this was required to eliminate the 
' 'Non-Fills" issue. Therefore, a Cap-End trim.ming process needs to be 
designed to trim off the excess material as shown in Figure 34. In the function 
of this operation design, instead of setting up six trimming process ceIJs for 
different dimension radiator hoses, it needs only one operator to manipulate a 
capable robot to trim and stamp the labels on both ends of radiator hoses in 
one processing cell. 
Figure 34. Cap-End Trimming Process Prototype 
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Description ofQC-20 Hose Instrument 
QC-20 Hose Instrumentation 
The LOTIS Model QC-20 is a laser-based, non-
contact hose measurement system. It 
simultaneously measures inside diameter, outside 
diameter, average wall thickness, and wall 
thickness variation. It is specifically designed to 
measure a hose's compliant surface where 
accurate and repeatable contact measurements are 
difficult to obtain. 
The QC-20 is designed for both in-process gaging 
and final parts inspection. Users can validate 
production processes by comparing actual 
measurements to user-defined measurement 
tolerances. Parts are automatically identified as 
passed or failed depending on measurement 
results. Part measurements are also accumulated 
in a database for statistical process control (SPC) 
requirements. 
The QC-20 comes complete with a PC compatible 
support computer and software. Standard hose 
sizes and measurement parameters are entered 
into the computer and stored. During operation, a 
hose part number is keyed in by the operator. The 
system automatically reconfigures itself to 
accurately position and measures that particular 
hose. Batch measurements require a single setup. 
A foot switch triggered by the operator initiates 
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DFSS Project Interview Questionnaire 
1) Describe some issues you have seen with hoses in the past. 
2) Describe any current issues you have with the current hose? 
3) Describe what you don't like about the current hose? 
4) Describe what you do like about the current hose? 
5) What would you like to see happen in the next generation of hoses? 
6) Tell me what is most important about a hose to your job? 
7) What is most critical to the hose? 
8) What are some cosmetic concerns of the hose? 
9) What expectations do you have of a new hose supplier? 
10) In your experience what issues with hose have been the most troublesome? 
11) Describe some durability' problems that have been documented concerning spiral 
radiator hoses? 
12) What serviceability issues have been encountered with spiral hoses? 
13) What characteristic of a hose is most important to you & why? 




DFSS Session Result ofKJ Development 
KJ Summary 
What are the most important 
requirements for a Spiral Rad 
hose? 
• ID/OD/Wall of hose must be 
to print. 
•Cut length from extrusion 
must be held with +/-1/16" to 
minimize cosmetic issues. 
•Hose design must meet 
guidelines in order to cap 
hoses successfully. 
Image 
What are the key images that define a quality 
spiral rad hose in the eyes of the customer. 
•Nonfills are not acceptable. These are 
created by the cut length not being correct 
from extrusion. 
•Bulges and ridges are not acceptable, which 
is are result of poor cut length and loading 
technique in forming 
•Must develop process that has a fast line 
speed with low scrap. 
Conclusion: We must develop a 
process to ensure that our hose 
dimensions and cut length is capability 
from extrusion. 
Conclusion: Concept Generation must 
include and focus on ways to improve 
extrusion cut length, standar,ding 
techniques and ensure that ~r rusion 




DFSS Session Result of Quality Function Deployment (QFD) Development 
OlJ 
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DOE Trial Matrix and Sample Measurement for Insertion Force 
"' 00 
_ std Order DOE RUN Rub. Hard. Yam~. Pre. Inter. Yam P!ll, Tube Yarn Denier Hose Cle:in. lnsertl.on ~b) 1.D. (mm~ Wallthlel<ness !mm) Wan Vmiatlon (mm) 
1 2 60 .. 0.01 " <o.<O TO "''"' 33.0733 4.47546 0.13208 2 4 70 49 0.01 " <o.so Cocper ,,,, 32.6 32.4231 4.5974 0.48008 3 • eo 59 0.01 " ... , Cooper . ., 38.1 32.7685 -1.6647 0.87564 4 • 70 59 0.01 " , .. o TO c,,., 25.8 32.ana 4.47294 0.33528 ' " 60 49 0.1 18 , .. o Coop~ Clo~ . . ' .. 70 49 0.1 18 ,.., TO . ., 30,7 32.7889 4.5593 0.22088 7 " 60 " 0.1 18 '"60 TO ""' 211,9 32.6568 4.83042 0.&5118 ' " 70 59 0,1 18 , .. o Coop~ c,,., 32.1445 4.ST708 0.48006 • 18 60 49 0.01 24 '"" -~ Dirty 2U 32.8422 4.58184 0.38322 10 20 70 49 0.01 24 ,.., TO Cl= 26.5 32.7738 4.52882 0.25148 
" " 60 " 0.01 24 ''"" TO CIOM 31.4 32.8879 ...... 0,.,.. 12 24 70 59 0.01 24 '"'° -~ Dirty 50 33.2943 •. 62374 o.m1e 13 58 60 49 0.1 24 ... , TO Dlrty 
" eo 70 " 0.1 24 - -~ Clo~ ,,. 32.6593 4.4831 0.381 " 82 60 59 0.1 24 '"" -~ Cleari 49.5 33.4747 4.4-4248 0.70812 " " 70 59 0.1 24 - TO . ., 42.8 33.5204 4.49834 0,76882 17 10 60 49 0.01 " 60/40 TG ""' 28 32.7767 4.62882 0.44704 18 12 70 49 0.01 " 60/40 Coop~ Clom 32,7 32.4587 4.60246 0.25654 " " 60 " 0.01 " 60/40 -~ c,,., 36,3 32.8397 4.61612 0.28182 20 " 70 " 0.01 18 60/40 TO Orty 27.7 32.827 4.47548 0.53086 21 60 60 49 0,1 18 "'" -~ o•y 28.4 32.4688 4.83804 0.284111 " 82 70 49 0.1 " 80l40 TO Clo~ 33.11 32.887 -4.411532 0.60038 23 " " " 0.1 " 60140 TG Clos, 27,5 32.8498 4.59894 0,381 24 .. 70 59 0.1 18 8Dl40 Cooper . ., 
25 " 60 " 0.01 24 t!0/40 Coop~ e1, .. 29,3 32.7809· 4.54914 0,28702 28 28 70 " 0,01 24 80/40 TO O,rty 30.8 32.9108 4.49072 0.3937 27 30 60 " 0,01 24 00/40 TO ""' 35.4 32.8244 4.55878 0.21844 • 28 32 70 " 0.01 24 60/40 Coop« Cl,., 41,4 32.8727 4.5847 0.111468 29 " 
., 49 0.1 24 60/40 TG c,,., 33.11753 4.55876 0.28194· 
30 " 70 49 0.1 24 60/40 Coop~ D"1y 30,9 32.8187 4.51812 0.4W84 31 70 60 59 0.1 24 60/40 Coop~ o•y 33.1972 4.42722 0.27178', 
32 72 70 " 0.1 24 80/40 TO Clo~ 33.8652 4,55188 0.45974 33 2 " .. 0.01 " '"" TG c,,., . 32.8468 4.58692 0.34798 " 4 70 49 0.01 " , .. o Coop« .,, 28.6 32.827. 4.55422 0.32512 , , 35 • eo " 0.01 " , .. o Coop~ ""' 40,3 33.De83 4.48818 0.1®22 " • 70 " 0.01 18 , .. o TG Clos, 27.3 32.4485 4.84312 0,311322 37 " 60 " 0,1 18 , .. o Cooptlll' Clt1an 38.8 32.B085 4.5212 0.74188 36 .. 70 49 0.1 " ... , TO Dirty 300 32.893 4.57708 0,3175 " .. 60 " 0.1 " ,.., TG D"1y 30.7 32.8371 4.52828 0.21082 .. 48 70 " 0.1 18 , .. o -~ ao., 32.8819 4.5974 0,22608 " " ., " 0.01 24 , .. o -~ . ., 28.9 32.5658 -4.73964 0.63848 " 20 70 .. 0.01 24 - TO Cl= 33.2 329403 ◄.57454 0.3883 " " 60 " 0.01 24 40/00 TO Clom " 24 70 " 0.01 24 ◄0180 Cooper . ., 4◄.7 33.2481 ,4,41708 0.98268 " " 80 49 0,1 24 , .. o TO ""' .. 60 70 48 0.1 24 , .. o -~ Clos, 30.1 32.5857 ◄.49320 0.33782 " " 60 " 0.1 24 ,.., Coop« CIOM 48 " 70 " 0.1 24 ... , TO Dirty 60.5 33.7541 4.48058 0.55628 49 10 80 " 0.01 18 60/40 TO """ 29.7 32.8088 4.50068 0.35814 60 12 70 49 0.01 " ..-o Coop« Clos, 33.4 32.6222 ◄.54152 0.54356 " " 60 " 0.01 " 80/40 Coop« Clo~ 33.7 32.6438 4.53898 0.2413 " 18 70 " 0.01 " 80140 TG . ., 25,6 32.S068 4.597◄ 0,2921 " 50 " " 0.1 " 80/,40 -· . .," 52 70 " 0,1 18 80/40 TO Clo~ 32.2 32.8295 ◄.57982 0.3937 55 " 80 " 0,1 " 60/40 TO ,Clei!II 27.4 32.Ba51 4,48818 0.62832 58 .. 70 " 0.1 " SOHO Coop« Dirty " 32.9235 4.84058 0.23878 57 28 60 " 0.01 24 .., .. Coop« a,., 28.8 32.8771 ◄.58724 0.3048 59 28 70 .. 0.01 24 60/<0 TG D"1 35.8 32.8143 4.6339 0.◄1858 
59 30 60 " 0.01 24 ..-o TO D"1 33.2 32.8371 '·""" 0.3327◄ 60 32 70 " 0.01 24 80l40 -~ a,., 42.7 33.1343 4.54814 0.52832 " " 80 49 0.1 24 50/40 TO Clos, " " 70 " 0.1 24 80/40 Coop« . ., 31.4 32,8822 4.682111 0.67858 " 70 " " 0,1 24 80140 Coop~ O,rty 51.3 33.6028 4.◄323 0.69182 " 72 70 " 0,1 24 80/◄0 TO Clom ◄8,4 33.7e.41 ◄.48024 0.6842 
86 
Appendix C2 
Estimated Effects and P-Values for Insertion Force 
87 
Results for: INSERTION DOE RUNS & RESULT.MTW 
Factorial Fit Insertion-A versus Rubber Hardness, Yam Angle, ... 
Estimated Effects and Coefficients fo:c Inse:ction-A (coded units) 
Te:cm Effect Coef SE Coef T p 
Constant 34.116 0.6403 53.28 0.000 
Rubber Hardness 2.819 1.409 0.6715 2.10 0.048 
Yai:n Angle 8.444 4.222 0.6482 6.51 0.000 
P:cefo:cm Inte:cfe:cence 2.3Ei2 1.181 0.4413 2.68 0.014 
Ya.Dl Packages 3.981 1.991 o. 6482 3.07 0.006 
Tube/Cover Split -0.919 -o. 459 0.4528 -1.01 0.322 
Yam Denie:c -5.525 -2.762 0.6639 -4.16 0.000 
Hose Cleaniness -0.594 -0.297 0.6074 -0;49 0.630 
Rubbe:c Ha:cdness•Ya:cn Angle -0.506 -0.253 0.6158 -0.41 0.685 
Rubbe:c Ha:cdness•P:cefo:an. Inte:cfe:cence 1.400 0.700 0.6322 1.11 0.281 
Rubbe:c Ha:cdness*Yarn Packages 2.219 1.109 0.4639 2.39 0.026 
Rubbe:c Hai::dnesst'fube/Cove:c Split 1.706 0.853 0.4528 l.88 0.073 
Rubbe:c Ha:cdness•Yarn Denie:c 2.875 1.437 0.6639 2.17 0.042 
Rubbe:c Ha:cdness•Hose Cleaniness -0.081 -0.041 0.4526 -0.09 0.929 
Yarn Angle•P:cefom Inte:cfe:cence 3.950 1.975 0.6074 3.25 0.004 
Yai:n Angle~Ya,:n Packages 6.581 3.291 0.4528 7.27 0.000 
Ya,:n Angle~e/Covet Split 0.519 0.259 0.4639 0.56 0.582 
Ya.z:n Angle·~Yam Denier.: -3.738 -1.869 o. 6715 -2.78 0.011 
Yarn Angle"t'Hose Cleaniness .-L90.6 -0.953 o. 4639 -2.05 0.053 
P:cefo:cm Inte:cfe:cence•Ya:cn Packages 0.500 0.250 0.6715 0.37 o. 713 
P:cefo:cm Inte:cfe:cence• -0.550 -0.275 0.4413 -0.62 0.540 
Tube/Covet Split 
P:cefo:cm Inte:cfe:cence*Ya:cn Denie:c -0.544 -0. 27Z 0.6403 -0.42 0.675 
P:cefo:cm. Inte:cfe:cence*Hose Cleaniness 0.362 0.181 0.4413 0.41 0.685 
Yarn Packages~e/Cover Split 0.269 0.134 0.6158 0.22 0.829 
Ya.z:n Packages~Hose Cleaniness -1.769 -0.884 0.4639 -1.91 0.070 
Rubbe:c Ha:cdness• 1.175 0.587 0.6322 0.93 0.363 
P:cefo:cm Interference* 
Tube/Covet Split 
Rubber: Haz:dness* 0.000 0.000 0.4413 o.oo 1.000 
Ptefom Interference* 
Hose Cleaniness 
Yam Angle*Prefonn. Intetfetencew 1.538 0.769 0.6074 1.27 0.220 
Tube/Covet Split 
S = 2.29077 R-Sq = 85.38% R-Sq(adj) 81.25% 
Analysis of Variance for Insertion-A (coded units) 
Sour:ce DF Seq SS Adj SS Adj HS F p 
Hain Effects 7 1311. 72 741. 557 105.937 20.19 0.000 
2-1Jay Interactions 17 953.74 895.339 52.667 10.04 0.000 
3-1Jay Interactions 3 9.32 9.317 3.106 0.59 0.627 
Residual E:c:co:c 21 110.20 110.200 5.248 
Pur:e En:o:r: 21 110.20 110.200 5.248 
Total 48 2384.98 
Appendix C3: 




Factorial Fit: Insertion-A versus Rubber Hardness, Yarn Angle, ... 
Estimated Effects and Coefficients foz: Insez:tion-A (coded units) 
Tem Effect Coef SE Coef T p 
Constant 33.931 0.5254 64.59 0.000 
Rubber Hardness 3.654 1.827 0.6066 3.01 0.005 
Yam Angle 9.400 4.700 0.5913 7.95 0.000 
Pref:c:om Inte:c:fe:c:ence 2.242 1.121 0.5075 2.21 0.034 
Yam Packages 3.525 1.763 0.5990 2.94 0.006 
Yam Denier -6.350 -3.175 0.5990 -5.30 0.000 
Rubber Haz:dness~Yam Angle -0.996 -0.498 0.5075 -0.98 0.334 
Rubber Ha:cdness~P:cefrom Interference 1.987 0.994 0.5913 1.68 0.102 
Rubber Ha:cdness*Ya:cn Packages 2.229 1.115 0.5340 2.09 0.044 
Rubbez: Haz:dness~Yam Deniez: 3.254 1.627 0. 5340 3.05 0.004 
Yam AngleTPz:efz:om Intez:fez:ence 4.417 2.208 0.5593 3.95 0.000 
Yam AngleTYam Packages 6.712 3.356 0.5165 6.50 0.000 
Yam AngleTYaz:n Deniez: -3.238 -1.619 0.5675 -2.85 0.007 
Pz:efz:om InterferenceTYaz:n Packages -0. 446 -0.223 0.6290 -0.35 0.725 
Pref:c:om Inte:cfe:c:ence*Yam Denier -1.121 -0.560 0.5834 -0.96 0.344 
S 2.65814 R-Sq = 89.93% R-Sq(adj) 85.78% 
Analysis of Variance foz: ~nsez:tion-A (coded units) 
Sow::ce DF Seq SS Adj SS Adj !IS F p 
!lain Effects 5 1294.l 1211. 7 242.332 34.30 0.000 
2-Way Interactions 9 850.6 850.6 94.511 13.38 0.000 
Residual E:cro:c: 34 240.2 240.2 7.066 
Pui:e E:cto:c 34 240.2 240.2. 7.066 
Total 48 2385.0 
90 
Appendix C4: 
Epsilon2 Table for Comparing the Relative Strength of Each Factor on the Response 
91 
Factors Sum of Squares Epsilon•2 % Epsilon•2 
Rubber Hardness 22.69 22.69/2384.98 0.95 
Yarn Angle 539.04 539.04/2384.98 22.60 
Preform Interference 77.6 77.6/2384.98 3.25 
Yam Packages 413.66 413.66/2384.98 17.34 




1st RSD Trial Matrix and Samples Measurement for Bulges Issues 
93 
RunOrder PtType Blocks Interference Cut Length (inch) Bulges 
1 1 1 0.015 28.875 1 
2 1 1 0.035 28.875 9 
3 1 1 0.015 29.375 3 
4 1 1 0.035 29.375 6 
5 -1 1 0.015 29.125 6 
6 -1 1 0.035 29.125 6 
7 -1 1 0.025 28.875 3 
8 -1 1 0.025 29.375 3 
9 0 1 0.025 29.125 3 
10 0 1 0.025 29.125 6 
11 0 1 0.025 29.125 3 
12 0 1 0.025 29.125 3 
13 0 1 0.025 29.125 1 
14 1 1 0.015 28.875 1 
15 1 1 0.035 28.875 9 
16 1 1 0.015 29.375 6 
17 1 1 0.035 29.375 9 
18 -1 1 0.015 29.125 1 
19 -1 1 0.035 29.125 3 
20 -1 1 0.025 28.875 1 
21 -1 1 0.025 29.375 6 
22 0 1 0.025 29.125 9 
23 0 1 0.025 29.12~ 3 
24 0 1 0.025': 29,125 6 
25 0 1 0.025 29.125 6 
26 0 1 0.025 29.125 6 
94 
AppendixE 
2nd RSD Trial Matrix and Samples Measurement for Bulges and Non-Fills Issues 
95 
RunOrder PITt11e Blocks Interference Cut Leng!h (inch) Non-Fills (mm) Bulges 
1 1 . 1 0.005 29.125 2 3 
2 1 1 0.03 29.125 2.8 3 
3 1 1 0.005 30.125 0.7 9 
4 1 1 0.03 30.125 1.9 6 
5 0 1 0.0175 29.625 0.4 3 
6 0 1 0.0175 29.625 1.4 3 
7 0 1 0.0175 29.625 1.66 1 
8 -1 2 0.005 29.625 1.4 3 
9 -1 2 0.03 29.625 · 0.7 1 
10 -1 2 0.0175 29.125 0.5 1 
11 -1 2 0.0175 30.125 0.2 3 
12 0 2 0.0175 -29.625 1.9 3 
13 0 2 0.0175 29.625 1.2 3 
14 0 2 ·0.0115 29.625 0.1 1 
15 1 1 0;005 29.125 1.2 6 
16 1 1 0.03 29.125 · ·0.9 3 
17 1 1 0.005 ,_3Q.125 ·, 1.9 9 
18 1 1 0.03 '30.125 · 0.5 9 
19 0 1 0.0175 29.625 2.4 6 
20 0 1 0.0175 29.625 2.4 6 
21 0 1 0.0175 :29.625 ·0,3 3 
22 -1 2 0.005 29.625 0.2 3 
23 -1 2 0.03 29.625 0.5 6 
24 -1 2 0.0175 29.125 1.5 1 
25 -1 2 0.0175 30.125 0.03 1 
26 0 2 0.0175 29.625 1.7 1 
27 0 2 0.0175 29.625 0.3 1 
28 0 2 0.0175 29.625 0.4 1 
96 
AppendixF: 
33mm Process Capability Trial Matrix and Samples Measurement 
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Trial Run Cut lena!!! {inch} I.D. (mm) Wall Thickness {mm} Wall Thickness Variation {mm} Non-Fills {mm) Bulges 
1 293/8 32.93618 4.47802 0.31496 0.7 3 
2 293/8 32.97428 4.51612 0.28194 1.1 3 
3 293/8 32.92602 4.51612 0.34798 0.3 3 
4 293/8 33.0073 4.45262 0.1143 0.7 9 
5 293/8 32.91332 4.52882 0.381 0.8 1 
6 293/8 32.9057 4.49072 0.20828 1.2 6 
7 293/8 32.85998 4.47294 0.33528 1.5 3 
8 293/8 32.85998 4.4958 0.37338 1 1 
9 293/8 32.84474 4.48056 0.32512 1.18 6 
10 293/8 32.85744 4.49834 0.28702 0.11 3 
11 293/8 32.83458 4.4704 0.21336 0.4 1 
12 293/8 33.0073 4.4577 0.2413 0.6 9 
13 293/8 32.88538 4.4577 0.32512 0.7 3 
14 293/8 33.0073 4.48818 0.20574 0.5 1 
15 293/8 32.90062 4.47548 0.25908 1.4 3 
16 293/8 32.88538 4.45008 o.1n8 0.9 3 
18 291/8 32.9184 4.4704 0.2413 1.1 3 
19 291/8 32.91078 4.49072 0.25146 1.4 3 
20 291/8 32.88284 4.50088 0.1397 0.7 3 
21 291/8 32.86506 4.49326 0.18288 1.1 1 
22 291/8 32.97428 4.47294 0.16256 0.25 6 
23 291/8 32.8422 4.46024 0.18796 0.6 1 
24 291/8 32.78632 4.4831 0.23876 0.6 1 
25 291/8 32.95904 4.45262 0.19812 1.4 1 
26 291/8 33.00984 4.53898 0.2794 2.8 1 
27 291/8 32.9311 4.4577 0.27432 1.3 3 
28 291/8 32.88538 4.46532 0.3556 0.2 3 
29 291/8 32.9438 4.47802 0.28448 2.8 6 
30 291/8 32.9565 4.48056 0.20828 1 1 
31 291/8 32.92602 4.47802 0254 0.7 1 
32 291/8 32.85998 4.4958 0.34544 0.9 3 
33 291/4 32.99714 · 4.445 0.22606 2.4 3 
34 291/4 32.8803 4.46532 0.24638 0.8 3 
35 291/4 32.93872 4.445 0.2288 1.5 9 
36 291/4 32.91078 4.48056 0.24892 0.91 3 
37 291/4 32.8422 4.4831 0.3302 1 1 
38 291/4 32.79394 4.47802 0.27686 0.2 1 
39 291/4 32.92856 4.45262 0.21082 0.9 3 
40 291/4 32.83458 4.4704 ·o.34798 0.75 3 
41 291/4 32.83204 4.47294 0.28702 0.3 1 
42 291/4 32.89554 4.47294 0.23368 0.63 3 
43 291/4 32.80156 4.49834 0.28702 0.8 1 
44 291/4 32.81934 4.53898 0.26162 0.15 1 
45 291/4 32.n616 4.4704 0.27686 0.6 1 
46 291/4 32.90824 4.46278 0.26416 0.2 6 
47 291/4 32.94126 4.45262 0.2413 0.4 1 
48 291/4 32.9057 4.48818 0.26416 0.6 1 
98 
AppendixG 
37mm Process Capability Trial Matrix and Samples Measurement 
99 
Trial Run Cut le~ ~nch} I.D. (mm) Wall Thickness (mm} Wall Thickness Variation (mm} Non-Fills (mm} Bul~s 
1 29 3116 36.59632 5.01142 0,1524 0,8 3 
2 29 3/16 36.59378 5.08508 0.21644 0.26 1 
3 29 3/16 36.55314 5.0546 0,13462 1.24 1 
4 29 3116 36.61156 5.04698 0.21336 2.04 3 
5 29 3116 36.70046 5.03428 0.16034 0.6 3 
6 29 3/16 36.60394 5.03936 0.16764 0.29 6 
7 29 3/16 36.61156 5.0546 0.16002 0.99 1 
8 29 3/16 36.6649 5.0292 0.12954 2.15 3 
9 29 3/16 36.59886 5.04698 0.20828 1.5 6 
10 29 3/16 36.66998 5.03428 0.17018 2 1 
11 29 3116 36.61664 5.0419 0.1651 1.5 1 
12 29 3116 36.576 5.05206 0.1651 0.2 1 
13 29 1/4 36.70554 5.02412 0.16764 1.28 6 
14 29 1/4 36.59378 5.0546 0.13462 0.6 1 
15 29 1/4 36.54044 5.06476 0.21082 0.54 1 
16 29 1/4 36.63188 5.0292 0.1524 0,93 1 
17 29 1/4 36.64712 5.04444 0.14986 0.94 1 
18 29 1/4 36.64966 5.02866 0,1651 1.27 3 
19 29 1/4 36.63442 5.0546 0.16256 0.73 6 
20 29 1/4 36.50234 5.0673 0.1651 0.98 1 
21 29 1/4 36.6141 5,04698 0.1524 0.46 1 
22 29 1/4 36.63696 5.04698 0.16256 0.14 6 
23 29 1/4 36.54606 5.09TT8 0.22352 0.81 1 
24 29 1/4 36.53028 5.03936 0.16002 0.3 3 
25 29 5/16 36.61664 5.06984 0.17018 0.52 6 
26 29 5/16 36.68522 5.07238 0.20574 0.42 1 
27 29 5/16 36.64712 5.06222 0.22098 0,55 6 
28 29 5/16 36.6141 5.0673 0.16764 024 1 
29 29 5/16 36.66014 5.03936 0.14732 1.6 3 
30 29 5/16 36.51758 5.04698 ·0.1778 1.04 1 
31 29 5/16 36.5633 5.03936 0.15494 0.45 1 
32 29 5/16 36.64458 5.03936 ·0.1778 1.09 3 
33 29 5/16 36.65728 5.~8 0.16764 0.63 3 
34 29 5/16 36.63442 5.0546, 0.17272 1.8 6 
35 29 5/16 36.67252 5.0546 0.16764 0.48 6 
36 29 5/16 36.64458 5.03682 0.17526 0.55 1 
100 
AppendixH 
Valid Construction Detail of Toyota 180L Spiral Radiator Hoses 
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Table 8 
Valid Construction Detail of Toyota 180L Spiral Radiator Hoses 
Component Code/Value 
Tube Rubber Material 3745 
Cover Rubber Material 3762 
Pre-form Interference 0.018" 
Yam Packages 24 
Yam Angle 54° 
Yam Denier 840 
Tube/Cover Split 60/40 
